Statins are cholesterol-lowering drugs that inhibit 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, the rate-limiting enzyme in the synthesis of cholesterol via the mevalonate pathway. This pathway also produces coenzyme Q (a component of the respiratory chain), dolichols (important for protein glycosylation), and isoprenoids (lipid moieties responsible for the membrane association of small GTPases). We previously showed that the nematode Caenorhabditis elegans is useful to study the noncholesterol effects of statins because its mevalonate pathway lacks the sterol synthesis branch but retains all other branches. Here, from a screen of 150,000 mutagenized genomes, we isolated four C. elegans mutants resistant to statins by virtue of gain-of-function mutations within the first six amino acids of the protein ATFS-1, the key regulator of the mitochondrial unfolded protein response that includes activation of the chaperones HSP-6 and HSP-60. The atfs-1 gain-of-function mutants are also resistant to ibandronate, an inhibitor of an enzyme downstream of HMG-CoA reductase, and to gliotoxin, an inhibitor acting on a subbranch of the pathway important for protein prenylation, and showed improved mitochondrial function and protein prenylation in the presence of statins. Additionally, preinduction of the mitochondrial unfolded protein response in wild-type worms using ethidium bromide or paraquat triggered statin resistance, and similar observations were made in Schizosaccharomyces pombe and in a mammalian cell line. We conclude that statin resistance through maintenance of mitochondrial homeostasis is conserved across species, and that the cell-lethal effects of statins are caused primarily through impaired protein prenylation that results in mitochondria dysfunction.
T he mevalonate pathway of cholesterol biosynthesis is the primary pathway by which cholesterol is synthesized de novo in mammals and is also essential for the synthesis of other important molecules, such as the short lipids containing prenyl groups that are attached to small GTPases and target them to membranes; dolichol-P, an intermediate during protein glycosylation; and coenzyme Q (CoQ), a soluble antioxidant that is also part of the respiratory chain in mitochondria (1, 2) . The rate-limiting step of the mevalonate pathway is catalyzed by 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase and the inhibitors of this enzyme (statins) are widely prescribed to lower blood cholesterol levels. Whereas the great majority of patients tolerate statins very well, some patients experience adverse side effects including muscle pains or even rhabdomyolysis (3) . Statins also have anti-inflammatory effects (4) and are promising anticancer agents (5) . The molecular basis for many of the noncholesterolmediated effects of statins are poorly understood, which curtails their usefulness and makes it impossible at present to predict which patients are at risk for developing adverse effects.
Caenorhabditis elegans is eminently suited to study the cholesterol-independent effects of statins because it lacks the sterol synthesis branch of the mevalonate pathway but retains the other branches ( Fig. 1A) (6) (7) (8) (9) . In C. elegans, statins cause decreased protein prenylation, induction of the endoplasmic reticulum unfolded protein response (UPR er ), growth arrest, and lethality; these are all on-target effects of statins because they can be abrogated by the inclusion of mevalonate in the culture medium (9) . To identify cellular processes that can compensate for a reduced output from the mevalonate pathway, we isolated C. elegans mutants that are resistant to statins and found that these are all gain-of-function (gof) mutations in the protein ATFS-1, the key regulator of the mitochondrial unfolded protein response (UPR mt ) (10) (11) (12) (13) .
Results
Isolation of Four Statin-Resistant C. elegans Mutants. We screened ∼150,000 randomly mutagenized haploid genomes and isolated four mutant alleles (et15-et18) that confer statin resistance in C. elegans (et15 and et16 are molecularly identical, and only data from et15 will be shown in most experiments because all four alleles behaved similarly). The isolated mutants are resistant to two statins (fluvastatin and rosuvastatin) and to ibandronate (which inhibits farnesyl diphosphate synthase, i.e., several steps downstream of HMG-CoA reductase) ( Fig. 1 B-D) . These results indicate that all four mutants can compensate for inhibition of the mevalonate pathway. The statin-resistant mutants also improved the growth of a lethal HMG-CoA reductase null mutant but only when small doses of mevalonate were also provided, suggesting that some residual HMG-CoA reductase activity persists in statin-treated worms (Fig. S1A) . Conversely, providing the mutants with mevalonate did not improve their growth or their resistance to fluvastatin, which is consistent with the fact that they grow as well on 0.5 mM statins as they do on control plates (Fig. 1E) . Finally, there is no evidence that the mutant alleles et15-et18 confer general resistance against xenobiotics because they exhibited no resistance to several tested growth inhibitors (Fig. S1 B-D) .
Gain-of-Function Alleles of ATFS-1 Confer Statin Resistance. Using a gene identification strategy based on outcrossing and wholegenome sequencing (14, 15) (Fig. S2) , we found that all four statin-resistant mutants carried substitution mutations in the mitochondrial targeting signal (MTS) of the protein ATFS-1, specifically at amino acid positions 4 or 6 (Fig. 1F) . ATFS-1 is a leucine zipper transcription factor that contains an MTS at its N terminus and a nuclear localization signal (NLS) at its C terminus (10) (11) (12) (13) . The primary function of ATFS-1 is to activate the UPR mt . In the absence of mitochondrial stress, ATFS-1 is effectively recruited to the mitochondria where it is degraded; during mitochondrial stress, ATFS-1 is not efficiently targeted to the mitochondria and therefore allowed to accumulate in the Author contributions: M.R. and M.P. designed research; M.R., P.R., N.A.P., and C.P. performed research; M.R., P.R., N.A.P., C.P., and M.P. analyzed data; and M.R. and M.P. wrote the paper.
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This article is a PNAS Direct Submission. nucleus and activate target genes, including the mitochondrial chaperones HSP-6 and HSP-60.
The statin-resistant atfs-1 alleles are gof mutations because: (i) RNAi against atfs-1 eliminates statin resistance in the mutants (Fig. 2A); (ii) the null atfs-1(gk3094) allele is hypersensitive to statin (Fig. 2B) ; (iii) the UPR mt reporters hsp-60::GFP and hsp-6::GFP (but not the UPR er reporter hsp-4::GFP) are constitutively expressed in the mutants (Fig. 2C) ; (iv) the statin-resistant atfs-1 mutants all grow rather poorly on normal plates (Fig. S3 ) and this phenotype is abrogated by treating the mutants with atfs-1 RNAi (Fig. 2A) ; and (v) atfs-1(et15) heterozygous worms are resistant to statins (79 of 80 cross-progeny from a wild-type male and an atfs-1(et15) hermaphrodite reached the L4 or adult stages within 72 h on 0.5 mM fluvastatin). Constitutive activation of the UPR mt is, therefore, the most likely mechanism by which the atfs-1(gof) alleles confer resistance to statins while also reducing the growth rate on control plates. This is consistent with the improved protection of the atfs-1(et15) gof mutant against ethidium bromide (EtBr) (Fig. S4 A-C) , which impairs replication and transcription of the mitochondrial genome in cultured cells thus reducing the synthesis of mitochondrially encoded polypeptides (16) (17) (18) (19) , and the improved respiration of this mutant when challenged with statin (see below).
Mechanistically, we propose that the atfs-1 mutants are gof alleles because the amino acid substitutions disrupt the MTS, hence allowing for an increased nuclear localization of this protein, as is the case for mutant transgenes that are entirely lacking the MTS (11) . Consistent with this model, we found that providing an atfs-1 transgene lacking the MTS to atfs-1(gk3094) null mutants confers statin resistance, whereas a similar transgene lacking both the MTS and the NLS confers no resistance at all (Fig. S5) . Mammalian Cells. Activation of the UPR mt by atfs-1 gof alleles protects against statins in C. elegans, but statin treatment by itself does not detectably activate the UPR mt , as judged using the hsp-60::gfp reporter (Fig. S4D ). This is presumably because of the specific nature of the statin effect on mitochondria. We however reasoned that inducing UPR mt through other means ought to confer statin resistance in wild-type worms. UPR mt can be induced in C. elegans by exposure to EtBr, which impairs mitochondrial DNA replication, or paraquat, which causes oxidative stress (19, 20) . Both treatments conferred statin resistance to wild-type C. elegans ( Fig. 3 A and B and Fig. S6 A and B) .
The UPR mt may be an evolutionarily conserved mechanism to cope with the consequences of an impaired mevalonate pathway because statin resistance was also induced in the yeast Schizosaccharomyces pombe (Fig. 3C ) and the mammalian fibroblast line NIH 3T3 when the mitochondrial stress response was activated using EtBr ( Fig. 3D and Fig. S6C ). Conservation of this phenomenon in C. elegans, S. pombe, and mammals is especially important in view of the fact that the latter two types of organisms do have the branch of the mevalonate pathway that leads to sterol synthesis (1, 21, 22) , which is lacking in C. elegans. In other words, the cytotoxic effects of statins are primarily related to mitochondria homeostasis even in organisms where the main output of the pathway is considered to be sterols.
Effects of Statins on Mitochondria Are Not Related to Inhibition of
CoQ Synthesis. The fact that the UPR mt protects against the deleterious effects of statins suggests that these inhibitors interfere with mitochondria homeostasis. One mechanism for this could be that inhibiting the mevalonate pathway results in reduced synthesis of CoQ and failure of the respiratory chain in mitochondria (23, 24) . Indeed, fluvastatin treatment does cause reduced respiration in C. elegans, and the atfs-1(et15) mutant respires normally even in the presence of fluvastatin (Fig. S7A) . However, several lines of evidence argue against CoQ depletion accounting for the effects of statins on mitochondria: (i) supplying CoQ to C. elegans conferred no protection from the toxic effects of statins (CoQ 10 was tested at 50 μg/mL and concentrations of CoQ 9 ranging from 10 to 80 μg/mL were tested, all without effect); (ii) the atfs-1(et15) mutant is not resistant to rotenone, antimycin A, or sodium azide, which are inhibitors of the mitochondrial respiratory chain (25, 26) (Fig. S7 B-D) ; and (iii) it is well known that CoQ is dietarily available to C. elegans that are fed Escherichia coli as in our experiments (27, 28) and that very little endogenous CoQ is sufficient for a wild-type phenotype even in the absence of dietary CoQ (29) .
ATFS-1 Gain-of-Function Mutants Are Resistant to Prenylation
Inhibition. Small GTPases, especially those of the RAB family, are essential for intracellular trafficking and organelle homeostasis (5) . Their activity depends on the addition of prenyl groups, i.e., farnesyl pyrophosphate or geranylgeranyl pyrophosphate, that are synthesized through the mevalonate pathway. We previously showed that statins inhibit protein prenylation in C. elegans (9) and it is therefore possible that statins impair mitochondria by preventing the prenylation of small GTPases. This hypothesis predicts that the atfs-1(gof) mutants that are resistant to statins should also be resistant to more specific inhibitors of prenylation. Gliotoxin is an inhibitor of farnesyl transferase, the enzyme that ligates farnesyl groups to the C-terminal end of small GTPases, resulting in growth defects and lethality in worms (30) . Gliotoxin also suppresses the effect of an activated form of the RAS GTPase (31). We found that the atfs-1(et15) gof mutant is resistant to gliotoxin, whereas the atfs-1(gk3094) null mutant is hypersensitive (Fig. 4 A-C) . These results are consistent with the hypothesis that statins exert their negative effects on mitochondria via inhibition of small GTPases. The atfs-1(et15) and atfs-1(et18) mutants were also partially resistant to the prenylation inhibitory effects of statins (Fig. 4 D and E) .
Discussion
We found that statins disturb mitochondrial homeostasis, and that activation of the UPR mt machinery is required in C. elegans to achieve statin resistance. Furthermore, this mechanism of resistance is conserved in yeast and mammalian cells. The atfs-1(gof) mutants that we isolated by virtue of the statin resistance that they confer to C. elegans all introduce point mutations in the recently described N-terminal mitochondrial targeting signal of ATFS-1 (11) . Under normal conditions, ATFS-1 is actively transported to the mitochondria, where it is rapidly degraded. During mitochondrial The control RNAi vector (L4440) has no effect. (B) The atfs-1 (gk3094) loss-of-function mutant is hypersensitive to fluvastatin: it fails to grow on 0.1 mM, a concentration that has only a minor effect on wild-type and no effect on the atfs-1(et15) gain-of-function allele. (C) The atfs-1 alleles et15, et17, and et18 display constitutive expression of two UPR mt reporters (hsp-60::GFP and hsp-6::GFP) but not of a UPR er reporter (hsp4:: GFP), which can be activated by 2 μg/mL tunicamycin (Right).
stress, its mitochondrial targeting efficiency decreases and more protein is available to be targeted to the nucleus, activating mitochondrial chaperone genes. We speculate that the atfs-1(gof) mutations described here suppress the mitochondrial targeting of the protein, thus improving its nuclear targeting efficiency. This is consistent with the finding that all three mutants constitutively up-regulated mitochondrial-specific chaperones (HSP-6 and HSP-60) and improved the mitochondrial function upon statin treatment.
As in other organisms, the mevalonate pathway in C. elegans is important for the synthesis of isoprenoids (farnesyl pyrophosphate and geranylgeranyl pyrophosphate), short lipid moieties that can be attached to small GTPases such as RHO, RAS, and RAB to target them to the membrane, which is essential for their proper functioning (32, 33) . Inhibition of the mevalonate pathway by statins leads to depletion of these end-products in mammalian cells, which results in defective prenylation of the GTPases (33) . Similarly, statins cause protein prenylation defects in C. elegans (9), which could be partially rescued in statin-resistant mutants (present study). These same mutants were also resistant to the farnesyl-transferase inhibitor gliotoxin, which specifically blocks prenylation. Altogether, these findings argue in favor of the prenylation branch being the critical branch of the mevalonate pathway that is affected by statin treatment and show that activation of the UPR mt machinery can help preserve mitochondria homeostasis in the presence of statins, enabling the cells to better use the residual output from the mevalonate pathway, hence sustaining essential GTPase prenylation (Fig. S8) . How the UPR mt helps compensate for a reduced output of the mevalonate pathway is not known at present but one possibility is that it lessens the turnover rate of proteins that rely on prenylated GTPases for their transport to mitochondria.
Polymorphisms in the mitochondrial ribosome recycling factor EF-G2mt/MEF2 increase atorvastatin toxicity in yeast and mammalian cells (34) , suggesting that mitochondria prone to homeostatic failure are extra sensitive to statins. This is consistent with a number of studies showing the mitochondria to be the main site of action of the noncholesterol effects of statins (3) . Multiple studies have shown that statin treatment impacts on the prenylation of small GTPases (35) (36) (37) , and the present study establishes a clear link between prenylation inhibition and impaired mitochondria homeostasis. It seems likely that inhibition of protein prenylation should impact many cellular processes and organelles besides the mitochondria. Indeed, statins strongly induce the UPR er in C. elegans, suggesting not only that the endoplasmic reticulum is impacted by inhibition of the mevalonate pathway, but also that the cell is able to activate an appropriate stress response (9) . The mitochondrial stress caused by statins is therefore unusual in that it does not result in the activation of UPR mt even though it is evidently the required protective response. In conclusion, our results suggest that UPR mt can help preserve mitochondria homeostasis in the presence of statins, which allows the cells to better use the residual output from the mevalonate pathway, hence sustaining essential GTPase prenylation. It would be interesting to determine whether the regulation of UPR mt varies among individuals, and whether such variation contributes to the varied susceptibility to developing side effects seen among patients receiving statin treatment.
Experimental Procedures
Nematode Strains and Maintenance. All genotypes were maintained as described previously (38) sulfonate (EMS) according to the standard protocol (38) . L1 larvae from the F2 generation were transferred to new plates containing 0.5 mM or 1.0 mM fluvastatin and then screened from days 5 to 10 to identify statin-resistant mutants, which were picked to new plates for further analysis. The isolated mutant alleles, named et15 to et18 were outcrossed 4 to 6 times before whole genome sequencing (see below), and 10 times before their phenotypic characterization and studies in experiments. Outcrossing was done by mating wild-type N2 males to a suppressor and then crossing the male progeny to wild-type hermaphrodites; individual progeny from this cross were picked to individual plates and then screened for resistance to statin. Five such cycles were carried out, amounting to 10 outcrosses.
Whole Genome Sequencing. The genomes of suppressor mutant that had been outcrossed 4 or 6 times were sequenced to a depth of 25-40 times as previously described (15) . The sequencing results were analyzed using the MAPQGene software to produce tables listing all differences between the reference N2 genome and that of the mutants and sort these differences by criteria such as noncoding substitutions, termination mutations, splice-site mutations, etc. (39) . For each suppressor mutant, one or two hot spots, i.e., small genomic areas containing several mutations, were identified, which is in accordance with previous reports (14) . Mutations in the hot spot that were still retained after 10 outcrosses were considered candidate statin-resistance mutations. In the case of et15-et18, it was mutations in the gene atfs-1 that conferred resistance to statins, as described above.
RNAi Feeding Experiment. RNAi knockdown against atfs-1 was performed by feeding worms the corresponding RNAi bacterial clone from a previously published RNAi library (40) . The clones were revived by culturing them overnight in LB media with ampicillin. These cultures were seeded on RNAi plates, and bacteria carrying an empty L4440 vector were used as controls. The plates were incubated for 24 h before placing five young adult worms on them. The worms were allowed to grow and reproduce until many gravid worms were present. The worms were collected and bleached to obtain a synchronized L1 larvae population. The L1 larvae were placed on appropriate plates with RNAi to determine the effects of the RNAi.
Generation of Transgenic Animals. The plasmids pATFS-1(Δ1-32) and pATFS-1 (Δ1-32 ΔNLS) bearing heat-shock-inducible mutated versions of atfs-1 have been described previously (11) . Germ-line transformation was performed as described by Mello et al. (41) and the dominant rol-6(su1006) was used as a marker for transgenic worms. Plasmids were prepared with a Qiagen miniprep kit and used with the following concentrations: pRF4(rol-6) of 25 ng/μL, test plasmids of 5 ng/μL, and pBSKS (Stratagene) of 70 ng/μL.
Brood Size Assay. At least 15 L4 transgenic or control worms were heat shocked for 1 h at 33°C and then singled out on control or statin plates. The worms were transferred daily during the fertile period and progeny were counted 2 d after removal of the hermaphrodite.
Drug Treatment and Length Measurement. Plates with different concentrations of fluvastatin (brand Lescol; Novartis) were made as described in a previous study (9) . Briefly, 40 mg of fluvastatin was dissolved in water (2.31 mL) and spun at 5,000 × g to separate insoluble components. The solution was filter sterilized and the OD 305nm was measured to determine the final concentration using a standard curve plotted from a known concentration of fluvastatin. The following compounds were also used: rosuvastatin (brand Crestor, AstraZeneca), mevalonolactone (Sigma), gliotoxin (Sigma), ibandronate (Sigma), ethidium bromide (Sigma), paraquat (Sigma), rotenone (Sigma), antimycin (Sigma), and sodium azide (Sigma). Drugs were dissolved in water except for gliotoxin, rosurvastatin, paraquat, and rotenone, which were dissolved in DMSO, and antimycin, which was dissolved in ethanol. Synchronized L1 larvae were placed on bacteria-seeded drug-containing and control plates. After 96 h, worms were mounted on glass slides, images were acquired in bright field using a Zeiss Axioplan microscope, and worm lengths were measured with ImageJ software (National Institutes of Health).
Oxygen Consumption Rate Assay. Oxygen consumption rates were measured as in previously published protocols using a Oxytherm (Hansatech) oxygen electrode (42) (43) (44) . Briefly, two crowded but not starved 60-mm diameter plates containing L4 larvae were washed three times with M9 buffer and resuspended in 1 mL of M9 buffer and then transferred into the chamber, and respiration was measured at 20°C for at least 10 min. Samples were recovered from the chamber, centrifuged, and homogenized using a sonicator, and protein concentration was measured using a Pierce BCA Protein Assay Kit (Thermo Scientific).
Protein Prenylation Assay. The prenylation assay was performed as described by Morck et al. (9) . Briefly, young adults were placed on different drug plates Fig. 4 . The atfs-1(gof) alleles protect C. elegans against prenylation inhibition. (A) Images of wild-type (WT), atfs-1(gk3094), and atfs-1(et15) worms cultivated for 96 h on control or gliotoxin (100 μM) plates. The gain-of-function atfs-1(et15) allele confers partial resistance to gliotoxin, whereas the loss-offunction atfs-1(gk3094) allele confers hypersensitivity as assessed by measuring growth (B) or viability (C) after 96 h on 100 μM gliotoxin. (D) The atfs-1(et15) allele can partially rescue the protein prenylation defects caused by fluvastatin. The protein prenylation reporter (pGLO-1P::GFP-CAAX) shows clear membrane enrichment in untreated L1 larvae for both wild-type and atfs-1(et15). In L1 larvae from parents cultivated in the presence of 0.5 mM fluvastatin for 48 h, only the atfs-1(et15) mutant continues to show membrane enrichment (white arrowheads). (E) Quantification of the prenylation assay using pGLO-1P:: GFP-CAAX. The results are presented as the number of intestinal cells showing distinct membrane enrichment. Note that both atfs-1(et15) and atfs-1(et18) show a slight but significant increase in prenylation. (n > 35 worms; **P < 0.01, ***P < 0.001).
and their progeny (L1 larvae) were scored for the number of GFP-enriched intestinal cells after 48 h.
Mitochondrial UPR Preinduction Experiment. For preinduction of the UPR mt using EtBr or paraquat, five young adults were placed on EtBr plates (25 μg/mL) and allowed to reproduce. Once their progeny reached adulthood, the gravid worms were bleached to obtain synchronized L1 larvae. These larvae were again placed on EtBr plates (25 μg/mL) for 24 h. After pretreatment, the worms were transferred to either control or fluvastatin (0.5 mM) plates, and their viability was measured every 24 h until 96 h postEtBr treatment. In the case of paraquat pretreatment assay, the synchronized L1 larvae were placed on paraquat (500 μM) plates for 24 h and then transferred to either control or fluvastatin (0.5 mM) plates. The viability of the worms was measured every 24 h until 96 h postparaquat treatment.
Mammalian Cell Culture. The NIH 3T3 mouse embryonic fibroblast cells were maintained in DMEM with high glucose (Gibco) and 10% (vol/vol) FBS. For preinducing the mitochondrial stress response machinery, ∼2,000 3T3 cells were seeded per well on 96-well plates (Techno Plastic Products) and allowed to grow for 24 h. These cells were then treated with media containing EtBr (1 μg/ mL) for 48 h. Medium was then replaced by fresh DMEM containing fluvastatin (10 μM), mevalonolactone (1 mM), or fluvastatin (10 μM) with mevalonolactone (1 mM) for 48 h. Cell viability was measured using the PrestoBlue cell viability reagent (Invitrogen) as recommended by the manufacturer.
Yeast Survival Experiment. The wild-type S. pombe strain L972h
− was cultured on YES agar or in YES broth [0.5% yeast extract, 3% (wt/vol) glucose, and 225 mg/L each of adenine, histidine, leucine, lysine, and uracil] at 30°C. Cells were grown overnight in liquid culture with EtBr (250 or 500 ng/mL) until early or midlog phase was reached. The cells were then pelleted so as to have an OD 600nm of 0.5 in 5 mL of medium. The appropriate amount of fluvastatin was added to the resuspended culture to achieve a final concentration of 0.1 mM, 0.2 mM, or 0.4 mM. The culture was grown for 24 h and then equilibrated to an OD 600nm of 0.5. The equilibrated culture was serially diluted in twofold increments, spotted on YES agar plates, and incubated for 48 h at 30°C.
Statistics. Unless stated otherwise, columns in histograms show the average (n > 20), error bars show the SEM, and significant differences were determined using Student's t-test. In experiments monitoring survival over time, significance of the difference among genotypes was tested by survival analysis (life tables) through the Wilcoxon (Gehan) statistic (for overall and pairwise comparisons), with a 99.9% confidence level (P value ≤0.001).
